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Abstract
In this talk we review the status of the theoretical estimates for CP violating
asymmetries in non-leptonic hyperon decays.
∗Invited talk presented at HQ94, Oct.7-10, 1994, Charlottesville, Virginia.
1 – The Decay Λ0 → pπ−
The reaction Λ0 → pπ− will be used as an example to set up the model independent
formulation of the CP odd observables in non-leptonic hyperon decays of the form
Bi → Bfπ. In the Λ0 rest frame, ~ωi,f will denote unit vectors in the directions of the
Λ and p polarizations, and ~q the proton momentum. The isospin of the final state is
I = 1/2 or 3/2, and each of these two states can be reached via a ∆I = 1/2 or 3/2
weak transition respectively. There are also two possibilities for the parity of the
final state. They are the s-wave, l = 0, parity odd state (thus reached via a parity
violating amplitude); and the p-wave, l = 1, parity even state reached via a parity
conserving amplitude.
We first perform a model independent analysis of the decay by writing the most
general matrix element consistent with Lorentz invariance: [1, 2, 3]
M = GFm2πUP (A− Bγ5)UΛ. (1)
This matrix element reduces to
A(Bi → Bfπ) = s+ p~σ · ~q (2)
In terms of these quantities one can compute the decay distribution, and the
total decay rate. One finds that the decay is characterized by three independent
observables: the total decay rate and two parameters that determine the angular
distribution. The total decay rate is given by:
Γ =
|~q|(EP +MP )
4πMΛ
G2Fm
4
π
(
|s|2 + |p|2
)
. (3)
The angular distribution is proportional to:
dΓ
dΩ
∼ 1 + γ~ωi · ~ωf + (1− γ)qˆ · ~ωiqˆ · ~ωf + αqˆ · (~ωi + ~ωf) + βqˆ · (~ωf × ~ωi), (4)
where we have introduced the notation:
α ≡ 2Res
∗p
|s|2 + |p|2 , β ≡
2Ims∗p
|s|2 + |p|2 , γ ≡
|s|2 − |p|2
|s|2 + |p|2 . (5)
However, only two of these parameters are independent, since α2 + β2 + γ2 = 1. We
will treat α and β as the independent ones, although sometimes the parameters α
and φ, with β =
√
1− α2 sin φ and γ = √1− α2 cosφ are used instead.
The parameter α governs the T -even correlation between the proton momentum
and the Λ polarization, whereas β governs the T -odd correlation involving the two
polarization vectors and the proton momentum. I use T to indicate the operation
that reverses the sign of all momenta and spins in the reaction, and not the time
reversal operation. The significance of this discrete symmetry is that operators that
are even under it can only be used to construct CP odd observables that require
1
final state interactions, whereas those that are odd can be used to construct CP odd
observables that do not vanish in the absence of final state interactions.
One way to interpret the parameter α follows from considering the angular distri-
bution in the case when the final baryon polarization is not observed:
dΓ
dΩ
=
1
16π2
|~q|
MΛ
G2Fm
4
π(EP +MP )
(
|s|2 + |p|2
)
(1 + αqˆ · ~ωi) . (6)
The polarization of the decay proton in the Λ0 rest frame is given by:
~PP = 1
1 + α~PΛ · qˆ
[(
α+ ~PΛ · qˆ
)
qˆ + β
(
~PΛ × qˆ
)
+ γ
(
qˆ ×
(
~PΛ × qˆ
))]
. (7)
From this expression we can relate β to the proton polarization in the direction
perpendicular to the plane formed by the Λ polarization and the proton momentum.
If the initial hyperon is unpolarized, α gives us the polarization of the proton:
~Pp = αΛqˆ (8)
Since the proton polarization is not measured, the parameter β is not useful for
the reaction Λ → pπ−. It is, however, useful for other hyperon decays, such as the
chain:
Ξ− → Λ0π− → pπ−π− (9)
where the second decay analyzes the polarization of the Λ and allows one to observe
the parameter βΞ.
2 – CP-odd Observables
To construct CP-odd observables we compare the reactions Λ0 → pπ− and Λ0 → pπ+
in terms of the three independent observables. One can show that CP symmetry
predicts that:
Γ = Γ
α = −α
β = −β (10)
and, therefore, one can construct the following CP-odd observables: [4]
∆ ≡ Γ− Γ
Γ + Γ
A ≡ αΓ + αΓ
αΓ− αΓ ≈
α + α
α− α +∆
B ≡ βΓ + βΓ
βΓ− βΓ ≈
β + β
β − β +∆ (11)
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One can show that in the low energy reaction pp → ΛΛ → pfπ−pfπ+ it is pos-
sible to construct counting asymmetries that measure A and B. [5] If we label each
particle’s momentum by the particle name, and denote by N±p the number of events
with (~pi × ~pΛ) · ~pf greater or less than zero then: [5]
A =
N+p −N−P +N+p −N−p
Ntotal
= PΛαΛAΛ (12)
Similarly, in the reaction pp→ ΞΞ→ Λπ−Λπ+ → pfπ−π−pfπ+π+, we can define N±p
to be the number of events with PΞ · (~pf × ~pΛ) greater or less than zero and construct
the counting asymmetry: [5]
B =
N
+
p −N−P +N+p −N−p
Ntotal
=
π
8
PΞαΛβΞ(AΛ +BΞ) (13)
3 – Isospin Decomposition
To discuss the final state interaction phases it is convenient to analyze the final pion-
nucleon system in terms of isospin and parity eigenstates. In that way we can have
in mind the simple picture:
Λ0
t = 0
−→
Hw
(
pπ
)I
ℓ
Hs
−→
δIℓ
(
pπ
)I
ℓ
. (14)
At t = 0 the weak Hamiltonian induces the decay of the Λ0 into a pion-nucleon
system with isospin and parity given by I, ℓ. If there is CP violation in this decay
there will be a CP-odd phase φIℓ . This pion-nucleon system is an eigenstate of the
strong interaction. Furthermore, at an energy equal to the Λ mass, it is the only
state with these quantum numbers. The pion-nucleon system will then rescatter due
to the strong interactions into itself, and in the process pick up a phase δIℓ . This is
an example of what is known as Watson’s theorem.
If we parameterize the amplitudes in non-leptonic hyperon decays as:
s =
∑
I
sIe
i(δIs+φ
I
s) p =
∑
I
pIe
i(δIp+φ
I
p), (15)
then CPT invariance of the weak Hamiltonian predicts:
s =
∑
I
−sIei(δIs−φIs) p =
∑
I
pIe
i(δIp−φ
I
p), (16)
whereas CP invariance of the weak interactions predicts:
s =
∑
I
−sIei(δIs+φIs) p =
∑
I
pIe
i(δIp+φ
I
p). (17)
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From this we see that the φIℓ phases violate CP. We want to extract φIℓ from the
CP-odd observables discussed in the previous section.
Introducing the notation used in the literature: [6]
S(Λ0
−
) = −
√
2/3S11e
i(δ1+φs1) +
√
1/3S33e
i(δ3+φs3)
P (Λ0
−
) = −
√
2/3P11e
i(δ11+φ
p
1
) +
√
1/3P33e
i(δ33+φ
p
3
)
S(Ξ−
−
) = S12e
i(δ2+φs12) +
1
2
S32e
i(δ2+φs32)
P (Ξ−
−
) = P12e
i(δ21+φ
p
12
) +
1
2
P32e
i(δ21+φ
p
32
) (18)
where Λ0
−
refers to the reaction Λ0 → pπ− and Ξ−
−
refers to the reaction Ξ− → Λ0π−.
The notation for the isospin amplitudes is Sij ≡ S2∆I,2I , Pij ≡ P2∆I,2I , the s-wave
phases are denoted by δ2I and the p-wave phases by δ2I,1.
It is useful to construct approximate expressions based on the fact that there are
three small parameters in the problem:
• The strong rescattering phases are measured or estimated to be small. Experi-
mentally we know that [7]
δ1 ≈ 6.0◦, δ3 ≈ −3.8◦, δ11 ≈ −1.1◦, δ31 ≈ −0.7◦ (19)
with all the errors on the order of 1◦. For the Ξ decays there are no experi-
mental results. An early calculation within a model predicted δ21 = −2.7◦ and
δ2 = −18.7◦. [8] A recent calculation using chiral perturbation theory predicts
instead δ21 = −1.7◦ and δ2 = 0. [9] Clearly the resulting asymmetries will be
completely different depending on which of these results is closer to the true
scattering phases.
• The ∆I = 3/2 amplitudes are much smaller than the ∆I = 1/2 amplitudes.
Experimentally we know that: [10]
S33/S11 = 0.027± 0.008, P33/P11 = 0.03± 0.037
S32/S12 = −0.046± 0.014, P32/P12 = −0.01± 0.04 (20)
• The CP violating phases are presumed to be small.
To leading order in all the small quantities one finds: [4]
∆(Λ0
−
) =
√
2
S33
S11
sin (δ3 − δ1) sin (φs3 − φs1)
A(Λ0
−
) = − tan (δ11 − δ1) sin (φp1 − φs1)
B(Λ0
−
) = cot (δ11 − δ1) sin (φp1 − φs1) (21)
4
and
∆(Ξ−
−
) = 0
A(Ξ−
−
) = − tan (δ21 − δ2) sin (φp12 − φs12)
B(Ξ−
−
) = cot (δ21 − δ2) sin (φp12 − φs12) (22)
We can see in these expressions that ∆ arises mainly from an interference between
a ∆I = 1/2 and a ∆I = 3/2 s-waves, and that it is suppressed by three small
quantities. On the other hand, A arises as an interference of s and p-waves of the
same isospin and, therefore, it is not suppressed by the ∆I = 1/2 rule. Finally, we can
see that B is not suppressed by the small rescattering phases. This is as we expected
for a CP odd observable that is also (naive)-T odd. The hierarchy B >> A >> ∆
emerges. [4] The quantity ∆(Ξ−
−
) vanishes because there is only one isospin final state
in this decay.
This is as far as we can go in a model independent manner. If we want to predict
the value of these observables within a model for CP violation we take the value for
the ratio of amplitudes and for the strong rescattering phases from experiment and
we try to compute the weak phases from theory.
4 – Standard model calculation
In the case of the minimal standard model, the CP violating phase resides in the
CKM matrix. For low energy transitions, this phase shows up as the imaginary part
of the Wilson coefficients in the effective weak Hamiltonian. In the notation of Buras
[11],
HeffW =
GF√
2
V ∗udVus
∑
i
ci(µ)Qi(µ) + hermitian conjugate (23)
Qi(µ) are four quark operators, and ci(µ) are the Wilson coefficients that are usually
written as:
ci(µ) = zi(µ) + τyi(µ)
τ = − V
∗
tdVts
V ∗udVus
(24)
with the CP violating phase being the phase of τ . Numerical values for these coeffi-
cients can be found, for example, in Buchalla et. al. [12]
The calculation would proceed as usual, by evaluating the hadronic matrix ele-
ments of the four-quark operators in Eq. 23 to obtain real and imaginary parts for
the amplitudes, schematically:
〈pπ|Heffw
∣∣∣Λ0〉 |Iℓ = ReM Iℓ + iImM Iℓ , (25)
and to the extent that the CP violating phases are small, they can be approximated
by
φIℓ ≈
ImM Iℓ
ReM Iℓ
. (26)
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At present, however, we do not know how to compute the matrix elements so we
cannot actually implement this calculation. If we try to follow what is done for
kaon decays, we would compute the matrix elements using factorization and vacuum
saturation as a reference point, then define some parameters analogous to BK that
would measure the deviation of the matrix elements from their vacuum saturation
value. A reliable calculation of the “B” parameters would probably have to come
from lattice QCD.
For a simple estimate, we can take the real part of the matrix elements from ex-
periment (assuming that the measured amplitudes are real, that is, that CP violation
is small), and compute the imaginary parts in vacuum saturation. This approach
provides a conservative estimate for the weak phases because the model calculation
of the real part of the amplitudes is much smaller than the experimental value. Of
course, if we cannot predict the real part of the amplitude at all, we might question
the reliability of the imaginary part as well.
There are many models in the literature that claim to fit the experimentally
measured amplitudes. Without entering into the details of these models, it is obvious
that to fit the data, the models must enhance some or all of the matrix elements with
respect to vacuum saturation. Clearly, one would get completely different phases
depending on which matrix elements are enhanced. It is not surprising, therefore,
that a survey of these models yields weak 6 CP phases that differ by an order of
magnitude [13].
The approximate weak phases estimated in vacuum saturation are: [13]
φ1s ≈ −3y6Imτ
φ1p ≈ −0.3y6Imτ
φ3s ≈
[
3.56(y1 + y2) + 4.1(y7 + 2y8)
m2π
ms(mu +md)
]
Imτ (27)
To get some numerical estimates we use the values for the Wilson coefficients of
Buchalla et. al. [12] with µ = 1 GeV, ΛQCD = 200 MeV. Although quantities such
as the quark masses that appear in Eq. 27 are not physical [14], we will use for an
estimate the value m2π/(ms(mu+md)) ∼ 10. For the quantity Imτ we use the current
upper bound Imτ ≤ 0.0014. Putting all the numbers together yields:
∆(Λ0
−
) =
{−1.4× 10−6 for mt = 150 GeV
−9.1× 10−7 for mt = 200 GeV
A(Λ0
−
) = 3.7× 10−5
B(Λ0
−
) = 2.4× 10−3 (28)
A poor man approach to the problem of the hadronic matrix elements consists of
surveying several models. Combining this with a careful analysis of the allowed range
for the short distance parameters that enter the calculation yields results similar to
that of Eq. 28: that A is in the range of “a few” × 10−5 and that ∆ is almost two
orders of magnitude smaller. The rate asymmetry exhibits a strong dependence on
6
the top-quark mass: for a certain value of mt, the two terms in Eq. 27 cancel against
each other. The angular correlation asymmetries, on the other hand, depend mildly
on the top-quark mass. This is understood from the point of view that the most
important effect of a large top-quark mass is to enhance electroweak corrections to
the effective weak Hamiltonian. This is important for the ∆I = 3/2 amplitudes but
not for the ∆I = 1/2 amplitudes.
5 – Other Models of CP Violation
Other models of CP violation contain additional short distance operators with CP
violating phases. [15, 16] Some of these have been analyzed in the literature fixing
the strength of the CP violating couplings from the parameter ǫ in kaon decays. [4]
A summary of those results is shown in Table 1, taken from a recent talk by He. [17]
Table 1. Sample of models of CP violation in hyperon decays.
Λ decay KM model Weinberg Model Left-Right Model
∆(Λ0
−
) < 10−6 −0.8× 10−5 0
A(Λ0
−
) −(1 ∼ 5)× 10−5 −2.5× 10−5 −1.1× 10−5
B(Λ0
−
) (0.6 ∼ 3)× 10−4 1.6× 10−3 7.0× 10−4
Ξ decay
∆(Ξ−
−
) 0 0 0
A(Ξ−
−
) −(1 ∼ 10)× 10−5 −3.2× 10−4 2.5× 10−5
B(Ξ−
−
) (1 ∼ 10)× 10−3 3.8× 10−3 −3.1× 10−4
An important point is that the numbers for the Ξ− → Λπ− decay were obtained
using the early model calculation. [8] With the chiral perturbation theory numbers
[9] A(Ξ−
−
) would be smaller by a factor of 10.
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